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photolysis is one of the principal sources of thyarbxyl

Abstract—The Tropospheric Trace Species Sensing Fabry-Perot radical (OH), which is the most important radicpkesies

Interferometer (TTSS-FPI) is a NASA Instrument Incubator
Program (IIP) project for risk mitigation of enabli ng concepts
and technologies applicable to future Office of Eah Science
(OES) atmospheric chemistry measurements. While the
intended implementation for future science missionsis a
geostationary-based measurement of tropospheric oze and
other trace species, an airborne sensor is beingddoped within
IIP to demonstrate the instrument concept and enalig
technologies that are also applicable to space-base
configurations. The concept is centered about anmiaging
Fabry-Perot interferometer (FPI) observing a narrow spectral
interval within the strong 9.6 micron ozone infrared band with a
spectral resolution ~0.07 ci. This concept is also applicable to
and could simplify designs associated with atmosplie
chemistry sensors targeting other trace species (vdh typically
require spectral resolutions in the range of 0.01 0.1 cm?), since
such an FPI approach could be implemented for thosspectral
bands requiring the highest spectral resolution andhus simplify
overall design complexity. The measurement and itrsiment
concepts, enabling technologies, approach for deegiment and
demonstration within 1IP, and a summary of progressto-date
will all be reported.

I. | NTRODUCTION

Measurement of tropospheric chemistry is identiféex
one of the key areas to be included in Earth seienissions
of the 21st century in the NASA Office of Earth Sue

associated with the photochemical degradation of
anthropogenic and biogenic hydrocarbons; 2) exmgogar
enhanced levels of tropospheric ozone [1]-[2] nieght
impacts health, crops, and vegetation; ozone igoresble

for acute and chronic health problems in humans and
contributes toward destruction of plant and animal
populations; and 3) as a greenhouse gas it cotgésloward
radiative forcing and climate change. The objectifethe
Tropospheric  Trace  Species Sensing  Fabry-Perot
Interferometer (TTSS-FPI) within  NASA’s Instrument
Incubator Program (IIP) is to develop and demastan
airborne sensor to further the development of arasced
atmospheric remote sensor intended for geostatidrased
measurement of tropospheric ozone and other tjaeeies,
which fits directly within the OES Atmospheric Ozoand
chemistry measurement themes.

Il. Technical Approach

Observations of tropospheric trace species face two
fundamental challenges: 1) the need for sufficispatial
resolution to identify the spatial distribution arhogeneities
of constituents that result from non-uniform sosfsiks
and atmospheric transport, and 2) the need for uadeq
temporal resolution to resolve daytime and diuxgalations.
Both of these requirements are ideally fulfiled by
observation from geostationary orbit. While diffetial
absorption lidar and other active sounding systepesating

(OES) Strategic Enterprise and Science Researchs.Plafrom low Earth orbit could permit high vertical odstion,

While many species are fundamental to enabling spimeric
chemical processes, ozone is clearly recognizethaf the
most important gas phase trace constituents in
troposphere. Its importance stems from three malesr 1)
ozone is a key oxidant in tropospheric photochamisizone

they would only provide relatively sparse horizdrgpatial
sampling. The Tropospheric Emission Spectromet&S{T

tigstrument on the EOS-Aura satellite is expectegrtvide

the first global data set on distribution of troplberic ozone.
However, the EOS Request for Information panel has



recommended technology development to achieve highe *°[ 0777

horizontal resolution than will be possible withetfEOS- I AN

AURA payload [3]-[4]. This would address the key [ > Stotopouse -
tropospheric ozone process-related questions that a i
expected to remain in the post-AURA time period. I A N

Earlier NASA-sponsored research [5] has shown #hat
tropospheric ozone measurement capability can b\
using a satellite-based nadir-viewing device makhigh
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spectral resolution measurements with high sigmaeise 20

ratios, and that a Fabry-Perot interferometer (R®Ijjuite

suitable for this task. Implementation in the améd portion o Tropopeuse

of the spectrum utilizes the strong 9.6 micron @&band and L Doppler —> |

yields continuous day/night coverage independentaér ol L

zenith angle. Using an FPI affords high opticabtiyhput 1 1 Half—width (em-)

while operating at high spectral resolution, and agroven

success record in previous applications. The saafeblogy Figure 1. Approximate altitude dependence from
being advanced for TTSS-FPI is applicable to meamants 0 to 60 km of Lorentz, Doppler, and Voigt half-
of other trace species, and could greatly simpbiyer widths.

atmospheric chemistry sensor designs (which tyiyical

require spectral resolutions in the range of 0.01Lcm) by  therefore its change with altitude is due to terapge alone.

implementing for spectral bands requiring the higlspectral The Voigt profile is formed from the convolution ¢fvo

resolution in those applications and thus simplifyerall independent broadening formulas (i.e., Lorentziamd a

design complexity. Doppler) and in the high or low pressure limits r@ches
A geostationary-based implementation is ultimatelyhe Lorentz or Doppler profiles, respectively. Fgad

desired for this concept for the many operatioreidiits it illustrates the approximate Lorentz, Doppler, andigV

enables, including: half-widths as a function of altitude for ozoneskinwithin the

« higher spatial and temporal resolution than lowttar 9.6 micron band (using reasonable surface valuestte
orbit (LEO) Lorentz and Doppler half-widths [6] and Lorentzfhaidth

+ species source/sink identification and atmospheriemperature dependence coefficient [7]) and shbwesbasis
transport characterization for this measurement concept: tropospheric infoionat

« quick repeat views to study regional pollution egiss content in the measured signals can be maximized by
on mesoscale meteorological time and space scales  spectrally isolating wings of strong ozone lineace wings
« viewing of same surface region throughout day/nighaf strong lines are due primarily to pressure bematl in the
which will allow separating surface, troposphered antroposphere.
stratosphere variability (i.e. from temporal chaesistics B. Instrument Concept
in addition to spectral)
e viewing the same scene as a function of surfaceflow  The TTSS-FPI instrument concept employs a
atmosphere thermal contrast variations (ensurimmesc double-etalon FPI to achieve the necessary highitgsn
views during maximum thermal contrast, and thug0.068 cnl), narrow-band infrared emission measurements
minimum retrieval error, conditions) within  the strong 9.6-micron ozone band. This
* maximizing the likelihood of cloud-free views of yan implementation requires a single-order transmis8imation,
given location, and optimizing the ability for ckbu rather than the periodic nature of the standardyF&brot
removal for any given time (i.e. having high splatiainstrument bandpass (which can be advantageous when
resolution views of nearest neighbors, which may bebservation of periodic spectra is desired). Thisichieved
cloud-free). using additional optical elements (specifically, law
A. Measurement Concept resolution etalon, LRE, a high resolution etaloRE{ and an
ultra-narrow bandpass filter all arranged in a eseri
rlconfiguration) to reduce the effect of unwantedspasds,
improve sideband rejection, and extend the effectiee

Molecular collisions during the absorption/emissio
process give rise to collisional or pressure broadg and
f_fgeiecr?trzre”iréoggénge p‘??wﬂeleLfourgﬁttf%;i&ig?hripr?mglt?oe spectral range. Figure 2 summarizes the formatibra o

pe. prioo! single-order, double-etalon instrumental transfancfion

pressure and is approximately inversely proportidoahe from the Airv (A). defect (D). aperture (L). and ass
square root of temperature. The other significaatimanism filter (To) fun%ti%r?é. Larar (et)éll. ?8] descEitzé sucr:mg)ayst

for broadening in the terrestrial atmosphere is [@ep f : ; : o

. . o . or a cross-track spatially scanning non-imaginstrinment
broadening, which originates from a Doppler shiftthe ..o ration. 'Iphe gystem l?eing ad\?an%ed herein
frequenpy 9f . radiation associated W'Fh theincorporates an advanced focal plane array (FPfcti to
absorption/emission feature due to thermal motidérthe perform spatial imaging, and spectral tuning isoatglished

radiating molecules. Unlike the Lorentzian half-thid the - ; : :
Doppler half-width does not have a pressure deperedand through precise mechanical scanning of etalon pgates;
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Figure 2. Schematic diagram summarizing the
formation of a single-order, double-etalon

Larar et al. [9] describe such a system for geiostaty
implementation.

C. Enabling Technologies

based technique, a low power system that is sealabthe
optimum performance and versatility desired for pace-
based Fabry-Perot interferometer.

2). High Sengitivity 2-D Infrared Detector Arrays. A top
priority of the airborne prototype design phase hasn to
perform a trade-off study to simultaneously spetify pre-
and post-optics configurations, the instrument FOV,
integration times, and spectral bandwidth to baiireq: all
of these parameters are dependent upon availaiéetde
array characteristics. The key to a low cost ssiesy is
avoidance of design and small-lot manufacturingtscdsy
relying on off-the-shelf products, commercial progy and
spares from other programs whenever possible.
Accordingly, this project was very fortunate to aicq a pair
of detector arrays via a loan agreement with Rayil##BRS;
these are TALON arrays, developed under Raythe@DIR
funding, that will provide excellent performance
characteristics for this airborne sensor at ougeiadOK FPA
operating temperature.

3). Calibration. Measured data need to be calibrated in
radiance, phase and wavelength. The radiometliloration

. The instrument system is an imaging Fabry-Perdbr every element in the spatial-spectral datadsbaerived
interferometer (FPI) based on a tunable doubleoetalby measuring apparent signal as a function of FBtep

designed to collect high resolution (R~15000) sjeof the

Earth/atmosphere in the 9.6 micron ozone band awer
infrared FPA. Spectral information is acquired thking a

series of images at different FPI plate separatiistances.
As the FPI is scanned, each pixel measures a stpaal
represents the convolution of the instrument tremi&fnction

with the spectrum incident at that pixel locatioRor each
plate separation setting, slight differences ireiffe center
wavelength occur as a function of exact pixel lmeat
because the surfaces of equal phase differenaiared, not
flat like the focal plane array. Thus the FPI redd be
scanned beyond the spectral range required fat éehter to
ensure all spatial elements in the three-dimenkispatial-

spectral data set have complete spectral coveragesnable
the spectrally tunable imaging FPlI measurementnigoke

needed for TTSS-FPI, for achieving high-resolutiover

narrow spectral ranges, three enabling technologi#sbe

demonstrated within 1IP:

1. precision control of etalon plates to demonstrataigate
spectral tuning and parallelism control of the LREd
HRE;

2. high-sensitivity two-dimensional infrared detectorays
to demonstrate the required SNR and
configuration; and

3. spectral and radiometric calibration,
spectral registration and absolute intensity figiein
radiance measurements.

1). Precision Etalon Control. A key feature of this
measurement concept is the optical performancespectral
tuning of the FPI, which is achieved by controllitige
spacing and parallelism between the etalon
Alignment/tuning of the etalon plates during theckft
prototype demonstration will employ a piezoelecaatuator-

imagin

plat

separation from the onboard blackbody sources mRhese
measurements, gain and offset for each datacubptecan
be calculated. To improve SNR of the calibratipecira,
reference scans can be averaged together.

The phase correction accounts for variation in eent
wavelength as a function of pixel location for aegi FPI
setting. For any off-axis pixel located at (x,§)the array, a
given wavelength),, with maximum transmission on-axis
for some gap setting,,,zhas maximum transmission at a
different FPI gap setting,,#p(X,y). The array of values
describing this difference in gap setting, p(xjg)called the
phase map. This array can be determined by illatimg the
spectrometer with a monochromatic light source sasha
laser and then collecting a series of spectral @sagross the
full Nyquist-sampled FPI scan. The phase map nbthwith
this method is independent of wavelength and tbesetan
be applied to all spectral channels. After thagghmap has
been determined, wavelength calibration can be irdla
The most straightforward method would be to scamssc
two different spectral features and then solve dtalon
spacing at each position. This would require twoy\narrow
spectral features in the atmospheric spectrum ew wf an
jternal  monochromatic calibration source. Another

pproach would be to use a laser metrology system t

to demonetratM€asure plate separation very accurately and eequiy one

spectral reference to determine the wavelengthoredion.
For this airborne sensor, we intend to perform awangitric
calibration using two on-board blackbody calibratgources
and use views of an on-board calibration ¢C@as cell for
spectral calibration.

cQptics & Electronics. The optical bench will support the pre-

optics, the etalons, and the focusing optics aridbeimated
to the detector housing. The instrument optics lélicooled



via thermal connection of the optical bench to uikig
nitrogen/helium reservoirs within a dewar. Avoiding
condensation will necessitate evacuation of theatlgpdaced
around the bench since the instrument would otlseredme
into contact with water vapor during the flight. éltbench
will be maintained at a constant temperature abebw
170 K. This evacuation and cooling will closely siate the
space-based environment, although the liquid cnyogeuld
be replaced with passive radiators and, if needetive
coolers. Suitable orbital temperature control tetbgy
already exists and is used frequently on spacedtmafice our
cryogen-based system is easily scaled to spacee wt
lessening the cost of this demonstration projéidie optical
components will be primarily coated ZnSe lenses/@and
gold-coated mirrors. A collector, field lens, andllicnator
will be the major components in the pre-optics. sThi
arrangement maintains
information contained in the Fabry-Perot transterction (as
desired for a spatially-imaging device).

Flight electronics will consist of a signal
conditioning deck, an etalon control deck, a deteetrray
power deck, a detector array data deck, a temperatuntrol
deck, a mechanical/blackbody source control decki a
standard PC-based flight computer. Off-the-shelfticd
electronics for the alignment laser will be re-pegéd for the
aircraft prototype. Wherever possible existing desi for
these cards are being used, thus providing soneedging of
our project by some of the ongoing work at LaRCRSBand
UM/SPRL.

D. Airborne System Implementation Approach
Accurate ozone retrievals require concurrent kndgde

wavelength/viewing-angle

Integrated Sensor Demonstration Approach
-piggyback flight with validated airborne sounder
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Figure 3. Integrated sensor demonstration
approach for TTSS-FPI within 1IP.

powerautonomous operation, all from a more relevantrenvnent

than possible from the ground. Subsequent atmoisptest
flights will be a crucial risk-mitigating activityfor the
eventual spaceflight instrument by validating emapl
technologies and providing additional measurementcept
verification.

Within 1IP we will demonstrate this FPI device lwia
lower-resolution advanced sounder Fourier Transform
Spectrometer (FTS) sensor measuring spectra camtiyrr
from the same airborne platform. Specifically, waend to
have piggyback flights with the NAST-I sensor alb#ne
high-altitude Proteus aircraft [11]-[12]. NAST assuite of
airborne infrared and microwave spectrometers dgesl for

of atmospheric temperature and water vapor alontp withe Integrated Program Office (IPO) that has béewrf on
surface characteristics (i.e. temperature and éritigs Such  the high altitude NASA ER-2 and Northrup Grumman
geophysical information can be easily obtained fiofrared Proteus aircraft as part of the risk reduction rfftor
spectral radiance measurements acquired withxtmmple, a NPOESS (i.e., the NPOESS Cross-track Infrared Saund
lower-resolution FTS system using currently avadab (CrIS) and the Advanced Technology Microwave Sounde
technology. While our IIP demonstration objectifes this (ATMS)). The NAST-l is a Michelson interferometenat
sensor can be accomplished acquiring these anciflata derives its heritage from the non-scanning Higloleon
products from other readily available sources (GEOES Interferometer Sounder (HIS) developed by reseasciiethe
products, radiosonde profiles, surface calibratiite data, University of Wisconsin [13]. It scans the Eartméath the

etc.), we will obtain such desired data by flyimanjly with
the NPOESS Airborne Sounder
(NAST-I) instrument [10]. Besides being a cost-effifiee
approach by piggy-backing on a NAST-I
opportunity, a greatly-enhanced combined data 8etesult.
The next logical step in advancing and validatihg t
measurement technique is performing
measurements from a more realistic configuratiore. (i
making nadir-viewing emission observations). Thisuld
address several critical operational challengescés®ed with
this measurement; most importantly, signal impacmf
background (surface) variability of temperature,issinity,
and topography. Within [IP we will demonstrate ategrated
instrument system from an airborne platform to pev
technique validation, demonstration of enabling ponents
within an integrated system, the utility of the oy
technique and evaluate FPA small/large format tHideand

aircraft with a nominal spatial resolution of apyroately

Testbed-Interferomet@5 km within a cross-track swath width of aboutk4B; its

unapodized spectral resolution is 0.25%cwmithin the 3.6 -

flight of16.1 micron spectral range. NAST-l is a scientlficaound

sensor that has flown ~130 missions for ~740 fligburs.
Flights concurrent with NAST-I will enable tempenat and

atmospherater vapor profiles along with surface charactiess(i.e.,

temperature and emissivity) to be implemented ittie

TTSS-FPI ozone retrieval; additionally, a lowereaiesion

observation of the entire ozone band will be awdaiafor

cross-calibration verification. Figure 3 illustratthe concept
behind this piggyback demonstration flight.

[ll. Airborne System Development Status

All instrument enabling components have been sieecif
and most have already been procured; items noadyiren-



hand are on order with delivery expected by midisem
2004. Integration activities will begin upon rqueof the
dewar, which will serve as the instrument exterceister
and thermal control subsystem, and will subsequentable
system-level testing and characterization. Severahths
will likely be needed to complete instrument ingegyn,
calibration and characterization activities. Thmject
expects this system to be flight-ready and awaititsy
airborne flight opportunity during the Fall of 2004

Several risk mitigating activities have been ongoivhile
the project awaits completion of critical sensomponent
procurements. These include the following: intégreof the
flight computer; development of flight computer@VIEW)
software for etalon control and data acquisitiofgration
testing of etalon mounting fixtures; and developtari-PA
Data Processing Electronics to perform near-read-tpixel
binning and frame averaging. Also, substantiabpmes has

already been made on a spaceflight instrument @bnce

definition, an intended project deliverable, whishawaiting
airborne sensor characterization and performanda fia
completion.

I1l. Summary

Tropospheric ozone is a high-priority measurement
identified in the NASA Office of Earth Science (OES

[4] ESE Mission Scenario for the 2002-2010 Period,
Research Division, Office of Earth Science, NASA
Headquarters, Aug. 10, 1998b.

A. M. Larar, "The Feasibility of Tropospheric andtal
Ozone Determination Using a Fabry-Perot Interfeteme
as a Satellite-Based Nadir-Viewing Atmospheric
Sensor", Ph.D. thesis, Univ. of Michigan, 1993.

W. R. Kuhn and J. London, "Infrared radiative coglin
the middle atmosphere (30-110 km)“, J. Atmos. Sci.,
Vol. 26, pp. 189-204, 1969.

L. S. Rothman, R. R. Gamache, A. Goldman, and L. R.
Brown, R. A. Toth, H. M. Pickett, R. L. Poynter,-M.
Flaud, C. Camy-Peyret, A. Barbe, N. Husson, C. P.
Rinsland, and M. A. H. Smith, "The HITRAN database:
1986 edition", Appl. Opt.,Vol. 26, pp. 4058-409B8Y.
A.M. Larar, P.B. Hays, and S.R. Drayson, "Global
tropospheric and total ozone monitoring using abtisu
etalon Fabry-Perot interferometer. I: Instrumemtosgpt,"
Appl. Opt., Vol. 37, pp. 4721-4731, 1998.

A.M. Larar, W.A. Roettker, J.J. Puschell, and W. B.
Cook, "Fabry-Perot Interferometer for Geostationary
based Observations of Tropospheric Ozone,"
Proceedings from the SPIE Optical Spectroscopic
Techniques and Instrumentation for Atmospheric and
Space Research Ill, Conference, Denver, CO, v&l637
1999.

(5]

[6]

[7]

(8]

9]

Strategic Enterprise and Science Research Plansie T10]Smith, W., A. Larar, D. Zhou, C. Sisko, J. Li, Bu&hg,

airborne FPI system (TTSS-FPI) described herein ldvou
demonstrate a new measurement capability intended f

“direct” geostationary Earth orbit (GEO)-based ahaton
of tropospheric ozone. The concept exploits spatia

temporal benefits obtainable from a GEO-based intagi

system, for example, monitoring of regional pobuti
episodes. The instrument concept and technol@geslso
applicable to measurement of other important atimesp
trace species. The science justification forsping this
capability along with the concepts behind the mesment
and instrumentation have been described. Alsoapipeoach
for development and demonstration of this airbosystem

within NASA's Instrument Incubator Program have ibee

discussed.
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